The aim of this work was to establish the precise ionic form of the reactants used by pyrophosphate:fructose-6-phosphate phosphotransferase. The enzyme was purified to near-homogeneity from potato (Solanum tuberosum L.) tubers. Changes in enzyme activity when the pH of the assay and the concentration of fructose 6-phosphate, pyrophosphate, and magnesium are varied independently indicate that fructose 6-phosphate2' and MgP2072-are the reacting species in the glycolytic direction. Analogous experiments with fructose 1,6-bisphosphate, inorganic phosphate, and magnesium demonstrate that the enzyme uses fructose 1,6-
bisphosphate4', HP042-, and Mg2+ in the gluconeogenic direction. The ionic species used in the glycolytic direction are comparable with those required by bacterial ATP-dependent phosphofructokinase. This is consistent with the proposal that the active site of pyrophosphate:fructose-6-phosphate phosphotransferase in plants is equivalent to that of the bacterial phosphofructokinase (SM Glycolysis is the principal route of carbohydrate oxidation in plants. The first reaction unique to this pathway is the conversion of Fru-6-P2 to Fru-1,6-P2, which may regulate the entry of hexose phosphates into glycolysis. In higher plants, this step can occur through two different reactions involving either ATP or PPi as the phosphoryl donor. These reactions are catalyzed by different enzymes, PFK and PFP, which are composed of separate distinct polypeptides (11) . In many tissues, the activity of PFP is equal to or greater than that of PFK, but the contribution of PFP to glycolysis in plants remains uncertain. PFP purified to homogeneity from potato (Solanum tuberosum L.) tubers has a native Mr of 265,000 and is a heterotetramer containing two cx and two polypeptides with Mr values of 65,000 and 60,000, respectively (10) . This organization may be a general feature of higher plant PFP because similar pairs of polypeptides have been identified in a diverse range of tissues (10) . The precise function of the two different subunits is unknown. However, the isolation from wheat leaves of a catalytically active form of the enzyme containing only PFP# indicates that this polypeptide, at least, contains a functional active site (21) .
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Recently, nearly full-length cDNA clones for both PFPa and PFP6 from potato have been isolated (6) . The deduced amino acid sequences of these clones have limited, but significant, similarity to those of bacterial and mammalian PFK. Many of the regions of greatest similarity contain residues that are known to be important for substrate binding or for catalytic competence within Escherichia coli PFK. Most notably, all five residues involved in the proposed transition state of bacterial PFK appear in the same relative positions within PFPf,8 whereas only two are identical in PFPa. Neither Asp'27 nor Arg72, which are known to be important for effective catalysis (2, 8) , are present in the corresponding positions in PFPa. This has led us to suggest that PFPf contains an active site that is structurally similar to that of E. coli PFK (6) .
To test the proposal that the active site of plant PFP is equivalent to that of bacterial PFK, we have sought to establish the substrate specificity of PFP. If the structure of the catalytic site of PFP is similar to that of PFK, then the comparable reacting species should have the same ionic form. Measurements of PFP activity using a range of anomeric, tautomeric, and epimeric analogs of Fru-6-P have already established that the favored carbohydrate substrate for mung bean PFP is f,-D-fructofuranose 6-phosphate (4). In contrast, little is known about the precise phosphoryl donor for the reaction that forms Fru-1,6-P2.
Previously, we have shown that plant PFP activity requires a divalent metal cation, with Mg2+ providing the greatest activity (9) . More detailed studies of Propionibacterium freudenreichii PFP suggest that a Mg-PPi complex is the substrate for this enzyme (3). However, in neither of these previous reports has the precise ionic form of the reactants been determined directly. Here we have studied this problem by measuring PFP activity under conditions in which the concentrations of specific ionic species are varied by adjusting the pH of the assay and the levels of individual reactants independently.
MATERIALS AND METHODS

Materials
PFP was purified from mature tubers of potato (Solanum tuberosum L. cv Maris Piper) by heat treatment, PEG precipitation, and DEAE-Sepharose chromatography, essentially as described previously (19) . All biochemicals and auxiliary enzymes were purchased from Sigma. DEAE-Sepharose was from Pharmacia-LKB.
PFP activity was measured spectrophotometrically at 250C as described previously (9 (15, 18) with the following exceptions. The association constants for MgPPi complexes were from ref. 13 , and those for Mg-NADH and Mg-NADP+ were from ref. 1 . The constants for Mg-Fru-6-P and Mg-fructose 2,6-bisphosphate were assumed to be similar to those of fructose 1-phosphate and Fru-1,6-P2, respectively. Kinetic constants were determined by nonlinear regression analysis using the Marquart algorithm, and the corresponding SES were calculated by the matrix inversion method (14) . RESULTS PFP used in these studies was purified about 700-fold to a specific activity of 13.56 ± 0.78 umol min-1mg'1protein (mean ± SE of three determinations) measured in the glycolytic direction and 12.66 ± 0.37 umol min-.mg'lprotein measured in the gluconeogenic direction. The preparation did not contain detectable activity of PFK, Fru-1,6-P2, PPi, or aldolase. Activity of phosphoglucoisomerase was less than 1% of that of PFP and did not significantly interfere with the kinetic analysis.
PPi Species
In the presence of saturating levels of Fru-6-P and constant PPi, the response to Mg is complex (Fig. 1) . Activity is completely dependent on Mg, exhibits apparent sigmoidal kinetics, and is maximally stimulated at about 1 mM MgC12. At higher concentrations of Mg, PFP activity is inhibited. Both the extent of inhibition and the degree of sigmoidicity are greater at lower PPi concentrations. Hill coefficients of 3.3 ± 0.6 and 2.6 ± 0.5 were obtained at 0.1 and 1.0 mm PPi, the involvement of MgHPPi-, we studied the effect of pH on PFP activity in the presence of 5 mm Fru-6-P, 0.1 mm PPi, and 0.1 mm Mg. Enzyme activity increased by less than 50% when the assay was adjusted from pH 8.0 to pH 9.0. Under these conditions, the MgHPPi-concentration increased from 30 to 340 nm. This is a tenfold change over a range that includes the apparent Km of PFP for this ionic species and implies that MgHPPi-can be discounted as the true substrate of the enzyme.
To resolve the contribution of the remaining two ionic species, we studied the response of PFP to high Mg concentrations at constant PPi and saturating Fru-6-P (Fig. 3) . Under such conditions, there is a marked inhibition of PFP activity. The results presented in Figure 5 demonstrate that PFP activity in the gluconeogenic direction is completely dependent on Mg, exhibits apparent sigmoidal kinetics, and is inhibited by excess Mg. Both the extent of inhibition and the degree of sigmoidicity are dependent on the Pi concentration. These data suggest that uncomplexed Pi and free Mg2' are the true reactants. To confirm this, we performed the converse experiment in which we measured the effect on PFP activity of varying Pi at a saturating level of Fru-1,6-P2 and constant levels of Mg (Fig. 6) . The enzyme displays normal hyperbolic kinetics at low Pi concentrations, but is markedly inhibited above 10 mm Pi. Consideration of the changes in the levels of the major ionic species in the assay shows that the inhibition at the higher Pi concentrations correlates with a decline in the concentration of free Mg2+, whereas there is no obvious connection between PFP activity and the level of MgHPO4-in these assays (Fig. 7) .
Although these data confirm the view that uncomplexed Pi and Mg are the true reactants in gluconeogenic direction, they do not discriminate between the various ionic species of Pi. As the level of Pi increases, there are equivalent increases in the concentrations of both HP042-and H2PO4- (Fig. 7) . PFP activity shows normal hyperbolic kinetics with respect to both these species. From the data presented in Figure 6 (lower panel), the To resolve the contribution of these two ionic species, we studied the response of PFP activity to pH in the presence of 1 mm Fru-1,6-P2, 5 mm Mg, and 1.5 mm Pi. Increasing the assay from pH 8.0 to pH 9.0 resulted in a 90% decrease in the concentration of H2PO4-from 0.184 to 0.021 mm, but only a 60% inhibition in activity. This decrease in PFP activity is far less than would be predicted if H2PO4-was the true substrate. Under these conditions, the concentration of HP042-increased slightly from 0.705 mM at pH 8.0 to 0.798 mm at pH 9.0. Similarly, adjusting the assay conditions from pH 8.0 to pH 7.0 resulted in a tenfold increase in the concentration of H2PO4-from 0.184 to 0.855 mm, and a 50% decrease in the level of HP042-from 0.705 to 0.328 mm. These changes were accompanied by a 25% inhibition of PFP activity. This effect is consistent with HP042, rather than H2PO4-, being the true reactant for PFP.
Sugar Phosphate Species
The reasoning developed to identify the reacting Pi species was adapted to study whether complexed or uncomplexed sugar phosphates were the true substrates of PFP. In the glycolytic direction, the response of enzyme activity to Mg was measured at a saturating concentration of PPi and a constant low level of Fru-6-P (Fig. 8) . Similarly, in the glu- coneogenic direction, we measured the effect on PFP of varying Mg at a saturating concentration of Pi and a constant low level of Fru-1,6-P2 (Fig. 9) . In both experiments, PFP activity was completely dependent on the presence of Mg and showed apparent substrate inhibition at high levels of Mg. This inhibition coincided with a gradual decrease in the concentrations of the uncomplexed forms of the substrates and a corresponding increase in the Mg complexes of the sugar phosphates. These results imply that free Fru-6-P and Fru-1,6-P2 are the reactants for PFP.
To establish the ionic form of the reacting sugar phosphates, we measured the effect of pH on PFP activity. In the glycolytic direction, enzyme activity was measured in the presence of 0.2 mm Fru-6-P, 0.2 mm PPi, and 5 mm Mg. Adjusting the assay from pH 8.0 to pH 7.0 caused only a 5% change in PFP activity despite there being a ninefold increase in the level of H.Fru-6-P-from 1.57 to 14.7 ,UM. However, the change in activity matched a slight decrease in the concentration of Fru-6-P2-from 0.170 to 0.158 mm that occurred under these conditions. In the gluconeogenic direction, PFP activity was determined using 50 Mm Fru-1,6-P2, 8 ms Pi, and 5 mM Mg. Adjusting the assay from pH 8.0 to pH 9.0 caused a 90% decrease in the concentration of H Fru-1,6-P23-from 1.4 to 0.15 ,uM, whereas the concentration of Fru-1,6-P24-increased slightly from 23 to 25 uM over the same range. In these assays, PFP activity at pH 9.0 was 78% of that at pH 8.0. The decrease in enzyme activity at the higher pH is far less than would be expected if H Fru-1,6-P23-was the true substrate. These results indicate that Fru-6-P2-and Fru-1,6-P24-are the reactant sugar phosphates in the glycolytic and gluconeogenic directions, respectively.
DISCUSSION
The data presented in this article establish that the reaction catalyzed by PFP is Fru-6-P2-+ MgP2072 = Fru-1,6-P24-+ Mg2+ + HP042-A critical feature of the evidence supporting this reaction scheme is the apparent inhibition of PFP activity at limiting concentrations of either PPi or Fru-6-P in the glycolytic direction, and either Pi or Fru-1,6-P2 in the gluconeogenic direction. Such apparent inhibition eliminates the possibility that Mg-sugar phosphate or Mg-phosphate complexes take part in the reaction and provides compelling evidence that Mg-PPi rather than Mg2-PPi is the effective substrate for PFP. These results are complemented by the effects of pH on enzyme activity at limiting concentrations of individual substrates that directly establish the ionic forms of the reacting species. As described in the introduction, studies by others indicate that for both Fru-6-P and Fru-1,6-P2, the fl-D-furanose forms are the preferred reacting species (4) .
From the available evidence, it is likely that the same ionic species are the reactants for PFP from Propionibacterium freudenreichii. Kinetic studies similar to those described above have been used to distinguish whether the Mg-complex or free form of each substrate is the true reactant (3). Moreover, the pH dependence of protection of PFP by substrates against inactivation of the enzyme by pyridoxal phosphate suggests that each of the reactants must be in the fully ionized form to bind to the enzyme (7). However, for the bacterial PFP, these studies fail to distinguish between MgPPi2-and Mg2PPi as the true phosphoryl donor. Consideration of the reaction kinetics in the gluconeogenic direction provide indirect evidence that MgPPi2-is likely to be the reacting species in the glycolytic direction (3). Nonetheless, kinetic studies of the bacterial enzyme failed to detect any inhibition of PFP by excess Mg when assayed in the glycolytic direction (3). We are unable to account for this result. Such inhibition is to be expected if MgPPi2-is the correct substrate for the enzyme, and is clearly observed in our experiments (Fig. 3) .
The substrate specificities of potato tuber PFP in the glycolytic direction described in this report are similar to those of E. coli PFK. Although the equivalent kinetic data are not available for the latter enzyme, detailed crystallographic stud- (17) . These structural data are supported by kinetic studies on mammalian PFK, which is homologous to the bacterial enzyme (16) . The selectivity of rabbit muscle PFK toward various analogs of Fru-6-P is consistent with the enzyme using the #-Dfuranose form of this substrate (22) . Moreover, the specific phosphoryl donor for PFK from several mammalian tissues is known to be MgATP2- (20) . Thus, bacterial PFK and plant PFP are not only specific for the same form of Fru-6-P, but also share the equivalent divalent metal cation forms of their respective phosphoryl donors, namely MgATP2-and MgPPi2-. This similarity supports the proposal that the catalytic site of plant PFP is equivalent to that of bacterial PFK.
Recently, others have isolated the gene encoding PFP from Propionibacterium freudenreichii (12) . The derived amino acid sequence of the corresponding polypeptide shows only limited similarity to those of bacterial and mammalian PFK or potato PFP. However, like potato PFP9, many of the amino acid residues implicated in binding substrates in E. coli PFK are present in the same relative positions within Propionibacterium PFP. This striking similarity provides further support for the view that elements of the active site in the ATP-and PPi-dependent Fru-6-P phosphotransferases, PFK and PFP, are equivalent, and suggests that these sites have been largely conserved during evolution.
